Basal and adaptive β-cell regeneration capacity declines with old age, but the underlying molecular mechanisms remain incompletely understood. Poly (adenosine diphosphate [ADP]-ribose) polymerase 1 (PARP-1) is considered a multifunctional enzyme and transcription factor that regulates pancreatic β-cell death, regeneration and insulin secretion. We analyzed the capacity of β-cell regeneration in 2-month-old (young) and 12-month-old (old) wild-type (WT) and PARP-1 -/-mice before and after low-dose streptozotocin (STZ), a stimulus of β-cell regeneration and the underlying mechanism. Before STZ administration, young WT and PARP-1 -/-mice showed similar β-cell proliferation. By contrast, old WT but not old PARP-1 -/-mice showed severely restricted β-cell proliferation. In further assessment of the adaptive β-cell regeneration capacity with age, we observed that with a single low dose of STZ, young WT and PARP-1 -/-mice showed a similar increase in β-cell proliferation, with few changes in old WT mice.
INTRODUCTION
In mice, β-cell mass expands to match the increased demand for insulin in obesity, pregnancy and diabetes (1, 2) . Types 1 and 2 diabetes are caused by insulin secretion that is insufficient to match insulin demand. Inadequate insulin secretion in diabetes is caused in part by loss of β-cell mass or abnormalities in β-cell function (3, 4) . Basal β-cell regeneration capacity varies by age (5) . Two independent groups showed a decrease in adaptive β-cell proliferation capacity with age (6, 7) . As well, a recent study of adults in China showed that the prevalence of diabetes varied by age: 3.2%, 11.5% and 20.4% among people aged 20 to 39, 40 to 59, and ≥60 years, respectively (8) . Recent data suggest that age is a key factor in basal and adaptive β-cell regeneration capacity.
Studies of various animal models have suggested the involvement of poly (adenosine diphosphate [ADP]-ribose) polymerase 1 (PARP-1) in multiple physiological processes (9) , including β-cell death and regeneration (10) . PARPknockout (PARP -/-) mice are protected against streptozotocin (STZ)-induced diabetes (11, 12) , whereby PARP overactivation may participate in the pathophysiological process of β-cell death and diabetes. In addition, PARP inhibitors ameliorated surgically induced diabetes in rats, which induced the regeneration of pancreatic β cells (13) .
PARP inhibitors enhanced the transcription of the regenerating (Reg) gene by inhibiting the autopoly (ADPribosyl)ation of PARP (14) . The Reg gene is expressed in pancreatic, liver, gastric and intestinal cells for proliferation or differentiation (15) . The Reg protein family plays an important role in β-cell regeneration and/or survival and has a definite growth-stimulating effect on β cells, and Reg protein expression may parallel islet physiology (16, 17) .
However, the mechanisms of islet β-cell regeneration in old mice are not yet known. In the present study, we compared basal and adaptive β-cell regeneration capacity in wild-type (WT) and PARP-1 -/-mice aged 2 months (young) and 12 months (old) before and after STZ administration and sought to determine the the underlying mechanism. We found that in PARP- sion of RegI and RegII proteins was associated with resistance to age-dependent decline in β-cell proliferation.
MATERIALS AND METHODS

Reagents
The antibodies against insulin, glucagon, cleaved PARP-1 and all secondary antibodies were from Cell Signaling Technology (Danvers, MA, USA). Antibodies to RegI, RegII and RegIV were from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and 5-bromo-2′-deoxyuridine (BrdU) monoclonal antibody and STZ were from Sigma (SigmaAldrich, St. Louis, MO, USA). The universal colorimetric PARP-1 assay kit was from GENMED (Wyoming, MI, USA). The enzyme-linked immunosorbent assay Mouse Insulin kit was from Millipore (Billerica, MA, USA). The OneTouch glucose meter ACCU-CHEK ® Advantage was from Roche (Indianapolis, IN, USA). Other chemicals were purchased from Beyotime (Shanghai, China).
Animals
Male WT mice and PARP-1 -/-mice, 4-5 wks old, were purchased from the Jackson Laboratory. The mice were fed normal chow and had free access to water. The temperature of the rearing room was 22°C ± 1°C. In the study, young groups began at 2 months old, and old groups were fed until they were 12 months old. All animal experiments were in accordance with the US National Institutes of Health Guide for the Care and Use of Laboratory Animals (18) and the Care and Use of Laboratory Animals Committee of Shandong University.
Low-Dose STZ Administration
Mice were injected with or without a single low dose (90 mg/kg) of STZ and then given BrdU, 1 mg/mL, in drinking water continuously until they were killed after 14 d.
Immunohistochemistry
The pancreases from each group were dissected, fixed in 4% paraformaldehyde and paraffin embedded. Sections (5 μm) were stained with hematoxylin and eosin (H&E). For immunostaining, sections were incubated overnight at 4°C with primary antibodies against insulin, glucagon, BrdU, RegI, Reg II or Reg IV, then a suitable secondary antibody at 37°C for 30 min. Images were obtained with use of a laser-scanning confocal microscope and data were representative of 4 to 5 animals per group.
β-Cell Proliferation Analysis
Total β-cell proliferation was determined in triple-stained pancreatic sections by counting all DAPI/insulin/ BrdU copositive cells, and total β-cell size was determined in DAPI/insulin copositive cells of all islets in five sections per animal. The β-cell proliferation rate was calculated by the product of (DAPI/insulin/BrdU copositive cells)/ (DAPI/insulin copositive cells). Results were averaged from five animals per group, each of which represented five sections per animal.
β-Cell Mass Analysis
The pancreas from each animal was weighed and processed for histological analysis. Sections triple stained with DAPI/insulin/glucagon for β cells and α cells were examined by use of a laserscanning confocal microscope. β-cell mass was analyzed in five sections per animal. The cross-sectional areas of β cells and pancreas were determined by use of Adobe Photoshop. The β-cell mass per pancreas was calculated as the ratio of the area of β cells/total tissue and weight of the pancreas from at least four animals for each group.
Determination of Glucose Tolerance and Blood Insulin
After a 12-h fast, mice underwent measurement of blood glucose levels in venous blood from the tail vein by use of a glucose meter. Blood insulin levels were measured by the use of enzyme-linked immunosorbent assay. Then, glucose solution (2 mg glucose/g body weight) was injected intraperitoneally into mice, and blood glucose was measured at 15, 30, 60 and 120 min after injection. Blood insulin levels were measured at 5, 15, 30, and 60 min after injection. Each value was the mean of 5 animals per group.
Measurement of PARP-1 Activity
The PARP-1 activity of pancreatic islets was determined by the universal colorimetric PARP-1 assay kit according to the manufacturer's instructions.
The color reaction was measured at 405 nm by use of a spectrophotometer. The activity was expressed as micromoles of p-nitrophenol formed per minute per milligram of PARP-1 protein. 
Western Blot Analysis
Pancreatic islets were isolated as previously described (7) . Protein expression was assayed with islet lysates with equal amounts of protein. Lysates were resolved by SDS-PAGE, transferred to polyvinylidene difluoride membranes for immunoblotting. The membranes were incubated with specific antibodies against β-actin, cleaved PARP-1, RegI, Reg II and Reg IV. Each value was the mean of three independent experiments.
Statistical Analysis
All data are presented as mean ± standard deviation (SD) from at least triplicate experiments. Groups were evaluated by Student t test (SPSS 17.0). p < 0.05 was considered statistically significant.
RESULTS
Improved Glucose Homeostasis in Aged PARP-1 -/-Mice
To ascertain whether PARP-1 plays a role in glucose homeostasis associated with age, we investigated young (2-month-old) and old (12- with advanced age is associated with PARP-1. After low-dose STZ, blood glucose levels of old WT mice remained >17 mmol/L at 120 min. By contrast, levels for young mice and old PARP-1 -/-mice after low-dose STZ reached baseline by the end of the test ( Figure 1C ). Blood glucose levels were significantly higher for old WT mice than old PARP-1 -/-mice after low-dose STZ at all times (p < 0.01; Figure 1C ). Five minutes after glucose loading, insulin levels were significantly higher in old PARP-1 -/-than in old WT mice, with a 2.56-fold difference in old PARP-1 -/-mice and a 1.69-fold difference in old WT mice (p < 0.01; Figure 1G ). The peak of insulin secretion in the early phase was at the 5-min point after glucose loading in old PARP-1 -/-mice, but at the 15-min point in old WT mice. In contrast, the insulin secretory response in young PARP-1 -/-mice was similar to that of young WT mice (Figure 1G) . After low-dose STZ, basal blood glucose levels were increased and blood insulin levels were decreased in all groups compared with before STZ (Figures 1D, H) . Similarly, basal blood glucose levels and insulin levels were significantly different between old WT mice and old PARP-1 -/-mice in the fasting state (10.58 ± 0.8 versus 6.63 ± 1.6 mmol/L for blood glucose; 0.18 ± 0.06 versus 0.35 ± 0.07 ng/mL for blood insulin) (p < 0.01; Figures 1D, H) .
Decreased Islet Sizes of Old WT Mice after Low-Dose STZ Treatment
Recent studies demonstrated that physiological and pathological states can affect islet sizes and architecture. Increased islet sizes (>10,000 μm 2 ) were observed in increased metabolic demand models, such as diabetes and pregnancy (2) . We found a large number of small islets in the pancreas (<2,000 μm 2 ) of young WT and PARP-1 -/-mice and a similar frequency of larger islets (Figure 2) . Old WT and PARP-1 -/-mice showed markedly increased islets (>10,000 μm 2 ). Interestingly, after lowdose STZ, islet sizes did not differ among young WT mice, young PARP-1 -/-mice and old PARP-1 -/-mice ( Figure 2 ). In contrast, low-dose STZ treatment significantly decreased islet sizes of old WT mice.
Increased Adaptive Expansion of β-Cell Mass in Old PARP-1 -/-Mice
We quantified the change in β-cell mass in WT and PARP-1 -/-mice. Pancre- atic islets showed no change in structure, as shown by antiinsulin and antiglucagon antibody staining in all groups before and after low-dose STZ (Figure 3A) . β-Cell area did not differ significantly between young WT and PARP-1 -/-mice (0.42% ± 0.09% versus 0.37% ± 0.07%) and was not changed substantially after low-dose STZ (0.25% ± 0.09% versus 0.33% ± 0.06%) ( Figure 3B ). In contrast, β-cell area was higher in old PARP-1 -/-mice than in old WT mice before and after low-dose STZ (1.08% ± 0.18% versus 1.17% ± 0.16% before STZ; 1.06% ± 0.12% versus 0.59% ± 0.05% after STZ, respectively, p < 0.01) ( Figure 3B ).
Pancreatic weight did not differ before or after low-dose STZ in all groups (Figure 3C) . Pancreatic β-cell mass did not differ between young WT and PARP-1 -/-mice before or after STZ treatment. In contrast, β-cell mass was significantly higher in old PARP-1 -/-mice than old WT mice after STZ injection (6.16 ± 0.23 versus 3.00 ± 0.25 mg, p < 0.01) (Figure 3D ).
β-Cell Regenerative Capacity Decreases in Old WT but Not Old PARP-1 -/-Mice β-Cell proliferation was assessed by BrdU antibody staining (Figures 4A, B) .
Young WT and PARP-1 -/-mice showed no significant difference in BrdUpositive nuclei in islets ( Figures 4A, C) . However, the proportion of BrdUpositive nuclei was higher in old PARP-1 -/-mice than in old WT mice (0.73% ± 0.08% versus 0.27% ± 0.04%, p < 0.01). Similar results for β-cell proliferation were obtained after STZ treatment (Figures 4B, C) . The proportion of BrdUpositive nuclei in the islets was significantly increased in both young WT and PARP-1 -/-mice, with no difference between the two groups. In contrast, the proportion of BrdU-positive nuclei was significantly higher in old PARP-1 -/-than old WT mice (2.58% ± 0.27% versus 0.41% ± 0.07%, p < 0.01).
Higher Expression of Cleaved PARP-1 and PARP-1 Activity in the Pancreas of Old WT Mice before and after STZ Treatment
The islets of old WT mice showed higher levels of cleaved PARP-1 protein and PARP-1 activity than those of young WT mice, which was detected by Western blot (Figures 5A, B) and the universal colorimetric PARP-1 assay kit ( Figure 5C ), respectively. Furthermore, similar results were observed after low-dose STZ (Figures 5A-C) .
Increased Expression of RegI and RegII in the Pancreas of Young Mice and Old PARP-1
-/-Mice after STZ
Treatment
Immunohistochemical analysis of mouse pancreas from young and old WT and PARP-1 -/-mice showed that RegI strongly bound to the periphery of the islets, whereas RegII predominantly stained the exocrine pancreas and gave a weak signal in the islets (Figures 6A, B) . After STZ treatment, the level of pancreatic RegI was increased 3.5-, 3.6-, 1.1-and 2.9-fold in young WT, young PARP-1 -/-, old WT and old PARP-1 -/-mice, respectively ( Figure 6C ). Young WT and PARP-1 -/-mice did not differ in expression of RegI before or after STZ treatment. In contrast, RegI expression was significantly higher in old PARP-1 -/- than old WT mice (93.7% ± 21.9% versus 58.4% ± 12.8% before STZ treatment, p < 0.05; 269.0% ± 43.7% versus 66.7% ± 21.2% after STZ treatment, p < 0.01) ( Figure 6C ). The levels of RegII were slightly increased after STZ treatment in each group except for the old WT mice group ( Figure 6D ). 
Levels of RegIV Were Not Changed after STZ Treatment
Double staining for the islet hormones insulin and RegIV showed that RegIV gave a strong signal in the islets in each group ( Figure 8A ). RegIV expression was found in almost all β cells; however, only a small number of insulin-negative islet cells were stained for RegIV. RegIV expression was similar in young and old mouse groups regardless of STZ treatment ( Figure 8B) .
Furthermore, islets from each group did not show significant differences in expression of RegIV before or after STZ treatment, which was detected by Western blot analysis ( Figures 7E, F) .
DISCUSSION
Basal and adaptive β-cell regeneration capacity declines with old age, but the underlying molecular mechanisms remain incompletely understood. PARP-1 regulates pancreatic β-cell death, regeneration and insulin secretion. We analyzed β-cell regeneration with age by examining young and old WT and PARP-1 -/-mice before and after lowdose STZ to stimulate β-cell regeneration. Basal β-cell regenerative capacity decreased in old WT but not old PARP-1 -/-mice. Adaptive β-cell regeneration capacity induced by low-dose STZ was better in PARP-1 -/-than WT mice. Finally, RegI and RegII proteins were significantly expressed in old PARP-1 -/-mice before or after low-dose STZ, which suggests that regenerative capacity in old PARP-1 -/-mice is closely related to Reg protein expression. PARP-1/Reg may be a key regulator in β-cell regeneration in old mice. Many experiments have evaluated whether age plays a role in the proliferative capacity of pancreatic β cells by using distinct models of endogenous β-cell regeneration: low-dose STZ administration, high-fat diet, treatment with the glucagon-like peptide 1 analog exendin-4 and partial pancreatectomy (5) (6) (7) . In all models (5-7), young mice could regenerate β cells, whereas old mice did not show a similar plasticity, which is similar to rats (19, 20) . In recent years, the prevalence of type 2 diabetes among elderly people has increased worldwide (8, 21, 22) . Therefore, old human patients could have poor capacity to regenerate β-cell mass to fulfill the need. Consistent with these data, our results showed that glucose homeostasis was associated with age in mice, with old PARP-1 -/-mice showing better glucose homeostasis than old WT mice. PARP-1 is involved in the pathophysiological features of many age-related diseases, such as chronic obstructive pulmonary disease (23) , atherosclerotic lesions (24) and diabetes (25, 26) , by regulating DNA integrity, transcription, inflammation, cell regeneration and cell death. The extent of β-cell death and dysfunction was markedly reduced in PARP -/-mice (11, 12) , and administration of PARP inhibitors induced the regeneration of β cells (13, 27) . We observed restricted β-cell mass expansion in old WT but not old PARP-1 -/-mice. Low-dose STZ is a robust stimulus of β-cell regeneration that is well tolerated and does not cause diabetes (7). We used low-dose STZ to further test whether β-cell regeneration capacity is restricted in old PARP-1 -/-mice. As expected, STZ administration stimulated β-cell proliferation in old PARP-1 -/-but not old WT mice. BrdU labeling revealed a similar result. Therefore, loss of PARP-1 resulted in resistance to age-dependent decreases in β-cell proliferation in mice. The first Reg gene was isolated from a regenerating islet-derived cDNA library in rats (15) . Reg family proteins act on β cells and other cells as autocrine or paracrine growth factors (16, (28) (29) (30) (31) (32) (33) . In mice, RegI and RegII proteins expressed in regenerating islets and pancreatic exocrine tissues (15, 34, 35) . RegIIIδ (islet neogenesis-associated protein), expressed predominantly in exocrine pancreas, enhances the secretion of insulin and the transcription of many islet genes in controlling β-cell neogenesis and islet metabolism (36, 37) . RegIIIα, RegIIIβ and RegI-IIγ are expressed weakly in pancreas and strongly in the intestinal tract; however, in a recent study, RegIIIα and RegIIIβ were activated in pancreatic-specific insulin-like growth factor I (IGF-I) genedeficient and diabetic mice and participated in islet regeneration after β-cell damage (38) . RegIV, the latest member of the Reg family to be identified, plays an important role in the progression of colorectal cancer (39) . Moreover, PARP inhibitors may enhance and stabilize the DNA-protein complex for Reg gene transcription in β cells by inhibiting autopoly (ADP-ribosyl)ation of PARP (14, 17) . Consistent with these data, our results showed old PARP-1 -/-mice with significantly higher expression of RegI and RegII in islets than WT mice before or after STZ treatment. However, levels of RegIV were not changed further in each group after STZ treatment. Therefore, PARP-1 -/-mice are resistant to an agedependent decrease in β-cell proliferation by upregulating RegI and RegII gene expression.
CONCLUSION
In summary, our study demonstrated that the ability to expand β-cell mass decreases with age in WT mice but not in PARP-1 -/-mice. Furthermore, the agedependent decrease in basal and adaptive regenerative capacity of β cells is associated with the expression of PARP-1/ Reg family proteins. These findings might therefore represent a potential target in efforts to improve β-cell regeneration in treating diabetes in elderly patients. However, further studies are needed to understand the latent mechanisms of PARP-1/Reg family proteins in regulating β-cell regeneration in aged animal models.
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